ABSTRACT Microvessels isolated from rat epididymal fat exhibit differential vesicular ingestion rates for unmodified and nonenzymatically glycosylated rat albumin. While unmodified rat albumin is excluded from ingestion by endothelial micropinocytic vesicles, glycosylated albumin is avidly taken up by endocytosis. Interaction ofalbumin and glycosylated albumin with endothelium was studied with a double-label fluorescence assay of micropinocytosis. When glycosylated albumin was present at a concentration of 6% with respect to total albumin (the level found in "non diabetic" serum), only glycosylated albumin was ingested. At higher concentrations of glycosylated albumin (those found in diabetic serum), both albumin and glycosylated albumin are ingested. Glycosylation of endothelial membrane components results in stimulated ingestion of glycosylated albumin, persistent exclusion of unmodified albumin, and unaltered micropinocytic ingestion of native ferritin. These results indicate that nonenzymatic glycosylation of serum albumin may result in rapid vesicle-mediated extravasation of albumin. Chronic microvascular leakage of glycosylated albumin could contribute to the pathogenesis of diabetic microangiopathy.
Molecular "languages" shape the complex interactions that support life processes. Unique symbols, fidelity of transcription, and rules of grammar are features of the genetic code (1) . Specificity ofrecognition and informational content are also apparent in the interactions ofhormones with receptors (2), antigens with antibodies (3), and substrates with enzymes (4) . In each ofthese examples, accurate recognition of a unique molecular conformation is crucial for the underlying process. Moreover, lapses in the fidelity of recognition can produce catastrophic results for the systems involved.
Endothelial micropinocytosis provides a bidirectional large pore conduit for the transendothelial transport of macromolecules. Another form of molecular language is manifest in the interactions of such molecules with the caveolar (plasmalemmal vesicle) membrane components of endothelial cells. The use of this molecular language in the process ofrecognition-dependent endocytosis provides a discrimination function for transendothelial transport. There results a striking heterogeneity in the rates oftransendothelial vesicular transport ofa variety ofserum components (5) (6) (7) (8) .
The reasons for these differences must be sought in specific interactions between each of the components and putative recognition sites in lumenal endothelial membranes. Such sites are situated within or adjacent to the stomata of caveolae and actively regulate the process of adsorptive endocytosis. Serum albumin appears virtually excluded from ingestion by micropinocytic vesicles (5) . This exclusion cannot be attributed solely to the molecular dimensions or the net charge of albumin. Ferritin, which is larger and of similar net charge, is readily ingested by endothelial vesicles. The fine molecular details that govern these recognition processes, and thus modulate transendothelial escape rates, are not yet known. There is, however, a teleological assessment of these observations. Because lumenal albumin contributes the major fraction of macromolecular osmotic pressure, increased extravasation ofalbumin would result in edema.
Disease of the microcirculation involving the retina and glomerulus is of principal importance for the morbidity oflongstanding diabetes mellitus (9) . The mechanisms and prevention of the long-standing complications of microangiopathy remain unclear. Recent studies in the diabetic dog and human confirm a long-standing clinical suspicion that optimal control of plasma glucose levels will prevent microangiopathy (10) (11) (12) . These findings and recent insight into the process of nonenzymatic glycosylation suggest that hyperglycemia per se may be ofdirect importance in the pathogenesis of diabetic complications.
Interest in nonenzymatic glycosylation was stimulated by studies of hemoglobin Al, which can be present at more than 3 times the normal concentrations in the poorly controlled diabetic (13, 14) . These data have focused attention on this molecule as a putative long-term integrator ofplasma glucose levels (15) . Nonenzyma* glycosylation provides a glucose-linked mechanism for the direct covalent modification of a variety of proteins. We have studied the reaction of nonenzymatic glycosylation ofrat serum albumin and endothelial membrane proteins in vitro. Because the glycosylation of endothelial membrane proteins is carried out with D-[6-3H]glucose and intact endothelium, in this instance both enzymatic and nonenzymatic mechanisms are likely to operate in the covalent attachment of glucose to protein. Moreover, we have examined the possibility that significant functional consequences on microvascular transport might accrue from the modification ofproteins by covalent insertion of glucose. We have confirmed the finding that serum albumin is readily glycosylated in vitro (16) . Moreover, the insertion of 1 or 2 mol of glucose per mol of albumin has profound consequences for the biological behavior of this protein. There is a >1000-fold increase in the ingestion of glycosylated albumin by micropinocytic vesicles of endothelial cells. The presence of glycosylated albumin also stimulates the ingestion ofunmodified albumin.
Finally, the glycosylation ofendothelial cell membrane proteins stimulates the ingestion of glycosylated but not "unmodified" albumin.
These findings, when viewed in the context ofthe early "leakiness" of diabetic retinal capillaries (17) , suggest the possibility that both the early and the chronic changes in the diabetic miAbbreviations: MDPF, 2-methoxy-2,4-diphenyl-3(2H)furanone;CF-P/ NaCl, divalent cation-free phosphate-buffered saline.
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Preparations of Proteins and Fluorescent Conjugates. Rat albumin was purified from fresh serum as described by Dolhofer and Wieland (15) . Albumin was free of fatty acid (20) and not glycosylated (21) . Glycosylated albumin was prepared according to the procedure of Day et al. (16) , and it was found to contain 1-2 mol of glucose per mol of albumin (21) .
Proteins were conjugated with rhodamine-B isothiocyanate (Sigma) according to the procedure of Landel (20) . Proteins were conjugated with MDPF according to the procedure of Weigele et al. (22) . All conjugates were purified by dialysis in 50,000 molecular weight cut-off tubing (Spectrapor, Fisher) against two changes of 100 vol of 0.02 M phosphate-buffered saline, pH RESULTS Differential Ingestion of Albumin. Isolated microvessels excluded rat serum albumin (purified to homogeneity) from micropinocytic ingestion (Table 1) . A similar exclusion was reported previously by Wagner et al. (5), using isolated rat epididymal fat endothelium and bovine serum albumin. Exclusion is not a result ofthe conjugation ofalbumin with fluorescent dyes, because MDPF, rhodamine, and "2I-labeled proteins behaved identically. However, when glycosylated rat serum 1 hr at 3700 at final glucose concentrations of 1 mg/ml and 10 mg/ ml. Plasma membranes were then isolated and 120 pg of protein was analyzed by NaDodSO4/polyacrylamide gel electrophoresis. Identical gels were sliced into 1-mm sections and analyzed for radioactivity (A), stained for protein with Coomassie blue R-250 (B), or stained for lipids with oil red 0 (C). albumin was incubated with isolated endothelial cells, this material was avidly ingested over a 30-min period (Table 1) .
Micropinocytic Ingestion of Glycosylated and Unmodified Albumins. When glycosylated and unmodified albumins are conjugated to separate dyes with discrete resolvable fluorescence spectra, the extent of micropinocytic ingestion of both types of albumin can be simultaneously and independently measured (5, 31) . Because albumin is present in the serum in both the glycosylated and unmodified form, we varied the ratio of glycosylated to unmodified albumin presented to isolated endothelium in vitro.
As shown in Table 2 , 6% glycosylated albumin was ingested in the presence of 94% unmodified albumin. Under these conditions, glycosylated albumin did not stimulate ingestion of unmodified albumin, while unmodified albumin did not exclude glycosylated albumin from ingestion. Raising the relative concentration of glycosylated albumin to 18% resulted in increased ingestion of glycosylated albumin and a striking increase in the ingestion of unmodified albumin. A further increase in the relative amounts ofglycosylated albumin (from 18% to 30%, Table  2 ) produced no further stimulation of the ingestion of unmodified albumin.
Glycosylation of Endothelial Plasma Membrane Components. When microvessels were incubated with D-[6-3H]glucose for 1 hr, a concentration-dependent glycosylation of plasma membrane components was observed (Fig. 1) . Comparison of the extent of glycosylation (radioactivity) with the corresponding Coomassie blue staining pattern of proteins indicates that the quantity of glucose bound is not directly related to the amount of each component (as indicated by staining intensity). Some proteins appear resistant to glycosylation, whereas others are highly susceptible. Lipid staining of identical NaDodSO4 gels ofglucose-treated endothelial plasma membranes revealed a minor band coincident with the dye front and a major diffuse band beyond the dye front (Fig. 1) . Labeling of components in this region by D- [6-3H] glucose suggested that membrane phospholipids might also be nonenzymatically glycosylated in a concentration-dependent manner.
Glycosylation of Endothelial Membrane Components: Effects on Protein Ingestion. Incubation of isolated microvessels with glucose did not alter the ability of microvessels to exclude albumin from micropinocytic ingestion ( Table 3 ). The ingestion of glycosylated albumin, however, is markedly stimulated by prior incubation of endothelium with glucose. While glycosylation appears to increase the recognition ofglycosylated albumin 3.43 ± 0.80 * In these experiments, we have selected a 60-min glucose incubation. This is a brief exposure to glucose as compared with the continuing exposure that the diabetic endothelium would undergo to fluctuating glucose concentrations in vivo. We chose 60 min because previous experience indicated that, by 180 min, the endothelium begins to exhibit an uncharacteristic macropinocytic (ATP-dependent) endocytosis (unpublished observations). In order to preserve our focus on characteristic, physiological endothelial micropinocytosis, the shorter time period is needed. For this reason, we selected the extreme "diabetic" conditions of5 and 10 mg ofglucose per ml (as well as the normal 1 mg/ml). Because the extent ofprotein nonenzymatic glycosylation appears to be a linear function of both time and glucose concentration, by utilizing higher glucose levels and shorter times, we are simulating a situation of more moderate glucose concentration and longer times of exposure. Even those endothelia that are exposed to the extreme situation of 10 mg ofglucose per ml retain full micropinocytic capacity as demonstrated by their unaltered ingestion ofnative ferritin.
by caveolae, the rate of microvesicular endocytosis of native ferritin is unchanged (Table 3) . Thus, membrane glycosylation appears to selectively affect the interaction between proteins and caveolar membrane components rather than the process of pinocytic shuttling.
DISCUSSION AND CONCLUSION The rates and extent of nonenzymatic glycosylation of proteins in vivo and in vitro are a function of sugar concentration, temperature, and pH (21) . The data presented show that nonenzymatic glycosylation ofserum albumin profoundly changes the manner in which albumin interacts with endothelial cell plasma membranes. Unmodified albumin is virtually excluded while glycosylated albumin is ingested avidly by isolated endothelial cells. When glycosylated albumin is incubated with endothelial cells in the presence ofunmodified albumin, at a concentration ratio observed in unmodified serum, only glycosylated albumin is ingested. Increasing the relative concentration ofglycosylated albumin results in the ingestion ofunmodified albumin as well. Moreover, the glycosylated albumin is ingested even more avidly by endothelial cells that have themselves been glycosylated. Details of the conformational basis for this enhanced ingestion of albumin are unknown. Oligomerization of albumin has been described (33) . It is possible that nonenzymatic glycosylation of albumin could increase the formation of oligomers.
Increased dimerization could possibly result in the observed endocytosis ofunmodified albumin in the presence ofincreased concentrations of glycosylated albumin; it is also possible that the strikingly enhanced ingestion of glycosylated albumin reflects increased oligomer formation.
The data show that serum albumin, endothelial membrane (35, 36) . Cap- illary endothelial cells may also exhibit recognition for other glycoproteins in addition to glycosylated albumin.
Serum albumin is known to bind to a wide variety of molecular species, and it may thereby influence the kinetics of their disappearance from the circulation (37) (38) (39) (40) . In addition, Curry and Michel (41) have suggested that albumin may regulate capillary permeability by selectively binding to the lumenal surface ofcapillaries. It is possible that such functions ofalbumin might also be altered by nonenzymatic glycosylation. Escape of glycosylated albumin may occur from continuous capillary endothelium that exhibits vesicular transport. The proposal of vesicle-mediated albumin leakage in retinal microangiopathy might appear inappropriate, however, because unmodified retinal (and brain) capillaries do not exhibit pinocytic activity. It is known, however, that diabetic retinal capillaries do exhibit micropinocytic activity (42) , thus providing a mechanism for the escape of glycosylated albumin. While this atypical micropinocytic shuttling might also arise as a consequence ofendothelial membrane glycosylation, it could as well result from some independent and unrecognized consequence of the diabetic microenvironment. In any case, vesicular transport of glycosylated albumin could be responsible for the leakage of this protein from the capillaries of the diabetic retina.
Of the earliest lesions in diabetic retinopathy, seen well before gross morphological changes, is a leakiness of fluorescent dyes that are known to bind to albumin (43) . In the context of the data presented here, it seems that nonenzymatic glycosylation ofalbumin and endothelial membrane proteins could contribute to extravasation of albumin in locations that are not ordinarily so exposed. The simple and direct pathway of nonenzymatic glycosylation appears capable ofcausing changes in specific protein conformation or recognition functions that have important pathogenetic potential in human diabetic states.
